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This  work  investigates  the  electrochemical  activity  and  durability  of  bimetallic  Pt-Co  electrocatalysts 
on  carbon  nanotube  (CNT)  electrodes,  which  are  prepared  by  using  a  microwave-assisted  polyol  process 
within  a  short  period  of  ~6  min.  Multilayered  CNTs  are  directly  grown  on  carbon  paper  (CP)  substrate 
by  catalytic  chemical  vapor  deposition  with  Ni  catalyzing  the  growth  of  CNTs.  The  as-grown  CNTs  are 
employed  as  the  support  for  the  subsequent  Pt-Co  catalysts,  which  are  deposited  on  the  CNTs  by  using 
one-  and  two-step  microwave-assisted  reduction  processes.  Physicochemical  characterizations  are  con¬ 
ducted  to  identify  particle  dispersion,  particle-size  distribution,  and  Pt/Co  atomic  ratio  in  the  binary 
catalysts.  It  has  been  shown  that  Pt-Co-CNT/CP  electrocatalyst,  prepared  by  two-step  microwave  heat¬ 
ing  (i.e.,  deposition  of  Pt,  followed  by  Co  addition),  offers  highly  electrochemical  surface  area  and  stable 
activity  during  potential  cycling  (1000  cycles).  Such  Pt-Co  crystallographic  phases  on  CNT-based  support 
are  found  to  be  more  corrosion-resistant  in  acidic  electrolyte  and  represent  the  preferred  phase  structure 
under  the  consideration  of  activity  stability.  The  fact  that  the  microwave-assisted  deposition  of  Pt-Co 
catalysts  promotes  electrochemical  activity  and  stability  has  a  great  advancement  on  the  development 
of  binary  electrocatalysts  for  fuel-cell  applications. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  and  direct 
methanol  fuel  cells  (DMFCs)  possess  high  potentiality  for  use  in 
electric  power  production  and  portable  applications  because  of 
their  high  energy  conversion  efficiency  and  high  power  density 
[1-3].  One  major  concern  to  commercialise  the  fuel  cells  (includ¬ 
ing  PEMFC  and  DMFC)  is  significantly  related  to  its  high  cost.  It 
is  generally  believed  that  gas  diffusion  layer  and  catalyst  layer 
are  crucial  for  the  performance  of  membrane  electrode  assembly 
(MEA)  in  fuel  cells.  Platinum-based  particles  have  been  recognized 
as  effective,  though  expensive,  metallic  electrocatalysts  for  oxygen 
reduction  reaction  and  methanol  oxidation  in  MEAs  [4,5].  Tradi¬ 
tionally,  carbon-supported  Pt  particles  are  coated  and  dispersed 
on  gas  diffusion  layers  by  simply  using  brushing,  spray,  screen¬ 
printing,  or  decal  transfer  [6].  However,  there  still  remains  one 
drawback  of  poor  dispersion  of  Pt  nanoparticles  or  Pt  aggregation, 
resulting  in  a  lower  active  surface  area  for  efficient  catalysis.  There¬ 
fore,  one  way  to  resolve  this  problem  is  to  deposit  the  Pt-based 
catalysts  on  three-phase  reaction  zones  that  allow  effective  gas  and 
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water  diffusion,  proton  transport,  and  electron  conduction  in  the 
catalyst  sites. 

Accordingly,  activity  improvement  of  electrochemical  catalysts 
has  an  important  role  in  determining  the  performance  of  MEAs. 
To  improve  this,  two  strategies  have  been  proposed  in  this  study: 
(i)  design  of  gas  diffusion  electrodes  and  (ii)  development  of  novel 
catalysts.  Recently,  pioneer  studies  have  pointed  out  that  the  direct 
growth  of  multi-walled  carbon  nanotubes  (CNTs)  on  carbon  sub¬ 
strates  (e.g.,  carbon  cloth  and  carbon  paper  [CP])  and  subsequently 
depositing  Pt  catalysts  selectively  on  the  CNTs  lead  to  improve¬ 
ment  in  Pt  utilization  in  PEMFCs  [1,7-10].  Basically,  CNTs  consist 
of  several  coaxially  arranged  graphene  sheets  rolled  into  a  cylin¬ 
der  that  possesses  a  relatively  high  electrical  conductivity  [11,12]. 
Such  Pt-CNT/CP  configuration  directs  at:  (i)  facilitating  the  utiliza¬ 
tion  efficiency;  (ii)  minimizing  the  Pt  loading;  and  (iii)  satisfying  the 
requirements  of  gas  accessibility,  proton  transport,  and  electronic 
continuity.  In  the  other  aspect,  several  Pt-based  binary  catalysts, 
such  as  Pt-Zn  [3],  Pt-Ru  [13,14],  Pt-Fe  [15,16],  Pt-Co  [6,17-22], 
Pt-Ni  [23,24],  and  Pt-Sn  [25,26],  with  different  atomic  concentra¬ 
tions  have  been  examined.  In  many  cases,  the  catalytic  activity  of 
the  bimetallic  Pt-based  catalysts  has  been  demonstrated,  show¬ 
ing  that  the  activity  is  better  than  that  of  pure  Pt.  There  are  few 
reports,  however,  focused  on  CNT/CP  as  a  support  for  the  bimetallic 
Pt-based  catalysts,  which  examined  their  electrochemical  behavior 
[27], 
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Earlier  attempts  to  deposit  Pt  catalysts  on  carbon  substrates, 
such  as  CNTs  and  carbon  powders,  were  conducted  by  chemical- 
wet  approach  using  ethylene  glycol  as  the  reduction  agent  [20,28]. 
However,  continuous  efforts  to  develop  alternative  synthesis  meth¬ 
ods  are  required  because  this  preparation  technique  based  on 
chemical  reduction  cannot  offer  adequate  control  of  particle 
size  and  shape.  Our  previous  studies  [14,16]  also  observed  this 
phenomenon.  Recently,  several  groups  reported  that  microwave- 
assisted  polyol  method  efficiently  deposits  Pt  nanoparticles  with 
great  uniformity  on  CNTs  [4,29]  and  carbon  powders  [30].  When 
compared  with  the  traditional  method,  the  microwave-assisted 
approach  is  found  to  be  a  better  synthesis  option  with  regard  to  its 
energy  efficiency,  speed,  uniformity,  and  simplicity  in  execution. 
It  is  generally  recognized  that  the  pH  value  of  the  synthesis  solu¬ 
tion  is  the  crucial  factor  in  influencing  catalyst  particle  size  when 
using  polyol  reduction  method  [31].  High  pH  condition  is  capable 
of  forming  smaller  particles  due  to  the  presence  of  ester  stabi¬ 
lizer.  Herein  one  efficient  microwave-assisted  process  of  preparing 
CNT/CP-supported  bimetallic  Pt-Co  nanocatalysts  is  thus  carried 
out  in  the  Pt-containing  solution  at  initial  pH  ~12.  A  comparison 
between  one-  and  two-step  microwave  reductions  has  been  made 
to  characterize  the  electrochemical  activity  and  durability  of  the 
as-prepared  Pt-Co  catalysts,  based  on  the  evaluation  of  electro- 
chemically  active  surface  area  (SESa)- 


2.  Experiment 

2  A.  Synthesis  of  Pt-Co-CNT/CP  catalysts 

The  CNTs  were  directly  grown  on  CP  (TGPH-090,  Toray)  through 
a  catalytic  chemical  vapor  deposition  (CCVD)  process  using  wet- 
impregnated  Ni  as  the  catalyst  for  CNT  growth.  The  procedure  for 
the  decoration  of  CNTs  on  CP  substrate  has  been  reported  in  our 
previous  study  [32,33].  The  CP  sample  was  made  of  fibers  having  a 
diameter  of  approximately  8-10  p,m,  and  the  surface  of  the  carbon 
fiber  was  cleaned  before  deposition.  The  Ni  catalyst  layers  were 
coated  onto  the  CP  surface  by  impregnating  the  CP  in  1  M  nickel 
nitrate  at  ambient  temperature.  The  deposition  of  Ni  on  the  side 
of  CP  served  as  the  catalytic  site  for  selective  growth  of  CNTs.  The 
growth  process  of  CNTs  was  performed  in  a  horizontal  furnace  at 
850  °C  for  1  h.  The  gaseous  carbon  precursor  had  a  composition 
of  Ar:H2:C2H2  =  94:1:5  in  v/v/v,  precisely  controlled  by  mass  flow 
controllers.  This  synthesis  technique  enabled  the  growth  of  a  large 
number  of  CNTs  on  the  CP  surface,  giving  a  CNT/CP  composite. 

Pt-Co-CNT/CP  catalysts  were  synthesized  by  microwave  heat¬ 
ing  of  ethylene  glycol  solutions  of  PtCl4  and  Co(N03)2-6H20 
precursor  salts.  Prior  to  any  treatment,  CNT/CP  composites  were 
chemically  oxidized  by  1  M  nitric  acid  at  85  °C  for  1  h.  Subsequently, 
the  oxidized  CNT/CP  composites  with  an  area  of  5  x  5  cm2  were 
impregnated  with  a  Pt-containing  solution.  A  typical  preparation 
consisted  of  the  following  compositions:  1  ml  of  0.04  M  PtCl4, 1  ml 
of  0.24  M  Co(N03)2,  and  1  ml  of  0.04  M  KOH.  The  weight  ratio  of 
Pt  to  Co  was  set  at  36:64  in  the  ionic  solution.  They  were  mixed 
with  30  ml  of  ethylene  glycol  in  a  beaker.  The  pH  value  was  around 
1 1 .7.  The  beaker  was  kept  open  and  placed  in  the  center  of  a  house¬ 
hold  microwave  oven  and  then  under  microwave  power  of  720  W. 
The  deposition  period  for  each  step  of  microwave  heating  was  set  at 
6  min.  The  metal-coated  CNT/CP  samples  were  then  separated  from 
the  Pt  ionic  solution  and  subsequently  dried  in  a  vacuum  oven  at 
105  °C  overnight.  To  inspect  the  influence  of  deposition  sequence 
on  the  activity  of  Pt-Co  catalysts,  three  types  of  microwave  heating 
were  used  to  prepare  different  bimetallic  catalysts:  (i)  simultane¬ 
ous  deposition  of  Pt  and  Co  species;  (ii)  deposition  of  Pt  followed  by 
Co  species;  and  (iii)  deposition  of  Co  followed  by  Pt  species,  which 
were  designated  as  Pt-Co-m,  Pt-Co,  and  Co-Pt,  respectively. 


Fig.  1.  FE-SEM  micrographs  of  (a)  CNTs  grown  by  Ni  catalyst  layer  on  CP  substrate 
and  (b)  Pt-Co  catalysts  deposited  on  CNT/CP  composite. 


2.2.  Characterization  of  Pt-Co-CNT/CP  catalysts 

These  binary  catalyst  samples,  obtained  from  microwave- 
heated  polyol  synthesis,  were  characterized  by  using  field-emission 
scanning  electron  microscopy  (FE-SEM,  JEOL  JSM-5600)  and 
high-resolution  transmission  electron  microscopy  (HR-TEM,  JEOL, 
JEM-2100).  The  TEM  study  was  carried  out  using  a  microscope 
operating  at  200  kV.  The  CNT  samples  for  the  TEM  analysis  were 
prepared  by  ultrasonically  dispersing  the  catalyst  powders  in 
ethanol.  A  drop  of  the  suspension  was  applied  onto  a  copper 
grid  and  was  dried  in  the  air.  A  thermogravimetric  analyzer  (TGA, 
Perkin-Elmer  TA7)  was  used  to  analyze  the  amount  of  catalysts 
deposited  on  CNT/CP  composites.  The  TGA  analysis  was  conducted 
under  an  air  atmosphere  with  a  heating  rate  of  10°Cmin_1  ramp 
between  30  °C  and  1000°C.  The  chemical  composition  of  the  cata¬ 
lysts  was  investigated  by  using  X-ray  photoelectron  spectroscopy 
(XPS).  The  XP  spectra  were  recorded  with  a  Fison  VG  ESCA2 1 0  spec¬ 
trometer  and  Mg  Ka  radiation. 

2.3.  Activity  and  durability  measurements  of  Pt-Co-CNT/CP 
electrodes 

Three  types  of  CNT/CP  composites  decorated  with  Pt-Co 
nanoparticles  were  used  to  fabricate  the  electrodes  for  cyclic 
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Fig.  2.  HR-TEM  micrographs  of  (a)  Pt-Co-m  and  (b)  Pt-Co  catalysts.  Particle  size  distributions  of  (c)  Pt-Co-m  and  (d)  Pt-Co  catalysts. 


voltammetry  (CV)  measurement.  Electrochemical  measurement 
of  CNT-based  electrodes  was  carried  out  at  an  ambient  tem¬ 
perature  using  1  M  H2S04  as  the  electrolyte  solution.  Pt  wire 
and  Ag/AgCl  electrode  served  as  the  counter  and  reference  elec¬ 
trodes,  respectively.  The  working  electrodes  were  constructed 


by  pressing  the  CNT/CP  composites  onto  the  stainless  steel  foil 
that  served  as  the  current  collector.  CV  measurements  of  the 
electrodes  were  performed  in  the  potential  range  from  -0.2  V 
to  0.8  V  vs.  Ag/AgCl.  The  potential  scan  rate  and  scan  number 
were  set  at  50mVs-1  and  1000  cycles,  respectively,  confirming 
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Fig.  3.  (a)  X-ray  diffraction  patterns  of  different  types  of  Pt  and  Pt-Co  samples  supported  at  CNTs,  and  (b)  Pt  (1 1 1 )  for  different  types  of  Pt  and  Pt/Co  samples. 
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Fig.  4.  TGA  (a)  weight-loss  and  (b)  derivative-weight  curves  of  different  catalysts. 
The  analysis  was  conducted  under  an  oxygen  atmosphere  with  a  heating  rate  of 
10°Cmin_1  ramp  between  30  °C  and  1000°C. 


the  activity  and  durability  of  bimetallic  Pt-Co  catalysts  in  acid 
electrolyte. 

2.4.  Performance  of  a  single  cell  fabricated  with  Pt-Co  electrodes 

A  single-cell  test  fixture  was  applied  for  evaluating  the  cata¬ 
lyst  performance  for  an  H2/02-based  fuel  cell.  The  MEA,  consisting 
of  two  Pt-based  electrodes,  was  immersed  in  5  wt%  Nation  solu¬ 
tion  for  0.5  h.  The  MEA  was  thermally  pressed  (135  °C,  140  atm, 
2  min)  with  a  Nation  21 2  membrane  (DuPont  Inc.,  USA)  between  the 
two  electrodes.  The  MEA  was  then  inserted  between  two  graphite 
plates,  which  had  a  serpentine  flow  pattern.  Two  Teflon  gaskets  of 
0.24  mm  thickness  were  introduced  between  the  membrane  and 
the  electrodes.  Humidified  hydrogen  and  oxygen  gases  were  fed 
into  the  cell  at  a  flow  rate  of  200  cm3  min-1  and  400  cm3  min-1, 
respectively.  The  temperature  of  the  single  cell  was  maintained  at 
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Fig.  5.  Survey  XPS  spectra  of  different  catalysts:  (a)  Pt-Co-m,  (b)  Pt-Co,  and  (c) 
Co-Pt. 

60  °C,  and  the  polarization  curve  and  the  power  density  of  the  cell 
were  then  characterized. 

3.  Results  and  discussion 

3.1.  Characterization  of  Pt-Co-CNT/CP  composites 

Fig.  la  presents  the  FE-SEM  picture  of  the  resulting  CNT/CP 
after  CCVD  growth  using  Ni  as  the  catalysts.  It  can  be  observed 
that  a  large  number  of  CNTs  cover  the  microscale  carbon  fiber. 
The  as-grown  CNTs  are  wavy  with  the  lengths  in  the  microme¬ 
ter  range  and  diameters  in  the  range  of  30-50  nm.  The  loading  of 
CNTs  over  the  CP  substrates  is  approximately  0.8  mg  cm-2.  Some 
bright  particles  on  CNTs  can  be  observed  in  Fig.  lb,  which  were 
identified  as  Pt-Co  alloys  by  an  electron  diffraction  X-ray  spec¬ 
troscopy.  However,  the  dispersion  degree  of  the  catalysts  cannot  be 
clearly  observed.  This  observation  can  be  examined  in  Fig.  2a  and  b 
shows  that  the  HR-TEM  images  of  the  resulting  samples,  Pt-Co-m 
and  Pt-Co,  respectively.  The  images  clearly  reflect  that  the  small 
particles,  attached  to  the  outer  surface  of  CNTs,  have  a  uniform 
dispersion.  However,  the  influence  of  the  deposition  sequence  on 
the  average  size  and  uniformity  seems  to  be  minor.  Fig.  2c  and  d 
shows  the  particle-size  distributions  of  Pt-Co-m  and  Pt-Co,  respec¬ 
tively.  This  statistical  result  was  obtained  from  more  than  1 00  Pt-Co 
nanoparticles,  thus  showing  the  distribution  of  the  particle  size.  As 
it  can  be  seen,  both  the  bimetallic  catalysts  were  homogeneously 
dispersed  onto  the  surface  of  the  CNTs,  indicating  a  narrow  particle- 
size  distribution.  The  mean  particle  sizes  were  3.2  and  3.1  nm  for 
Pt-Co-m  and  Pt-Co,  respectively. 

The  crystalline  structure  of  Pt-Co  catalyst  was  examined  by 
XRD  for  each  pair  of  the  bimetallic  nanoparticles  deposited  on  the 
CNTs,  as  shown  in  Fig.  3a.  It  is  generally  believed  that  pure  Pt  has 
a  face-centered  cubic  (fee )  structure.  Peaks  reveal  at  20^40°  and 
47°,  which  can  be  characterized  with  the  (111)  and  (2  0  0)  planes, 
respectively  [34],  of  the  fc  c  structure  of  platinum.  In  addition,  other 
diffraction  peaks  referred  to  cobalt  metal  emerged,  confirming  dif¬ 
ferent  pairs  of  Pt-Co  catalysts  on  CNTs.  After  the  addition  of  Co 
metal,  the  diffraction  peaks  of  binary  Pt-Co  catalyst  lead  to  broaden 
and  shift  to  high  20  values  [35].  As  shown  in  Fig.  3b,  the  20  of  the 
(111)  peak  for  Pt-Co  catalyst  higher  than  40°  shows  a  slight  shift, 
when  compared  with  the  pure  Pt  at  39.9°.  The  formation  of  pure 
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Fig.  6.  XPS  spectra  of  Pt  4f  peaks  for  different  catalysts:  (a)  Pt-Co-m,  (b)  Pt-Co,  and  (c)  Co-Pt,  deconvoluted  by  symmetric  Gaussian  functions. 


Pt  particles  with  fee  structure  was  confirmed,  i.e.,  the  lattice  con¬ 
stant  of  0.3910  nm  agrees  well  with  the  crystallographic  data  [24]. 
The  lattice  constants  of  bimetallic  catalysts  are  calculated  to  be 
0.3900  nm  (Pt-Co),  0.3882  nm  (Pt-Co-m),  and  90.3891  nm  (Co-Pt), 
based  on  the  diffraction  peak  in  Fig.  3a.  The  introduction  of  cobalt 
atoms  induces  the  deviation  of  lattice  constant  (0.24-0.72%),  show¬ 
ing  the  partial  intercalation  of  Co  dopants  into  the  fee  crystals. 
Previous  studies  also  confirmed  the  change  of  lattice  constant  for 
Pt-Co  catalysts,  prepared  by  sputtering  deposition  [36]  and  reduc¬ 
tive  thermal  annealing/alloying  in  solid  state  [37]. 

Fig.  4a  and  b  depicts  the  three  weight-loss  and  derivative-weight 
curves  of  the  resulting  catalysts  respectively,  showing  a  similar 
thermal  stability  and  residual  percentage  on  the  CNT/CP  compos¬ 
ites.  TGA  analysis  on  these  samples  revealed  that  a  major  weight 
loss,  corresponding  to  carbon  gasification  (i.e.,  amorphous  carbon 
and  multilayered  CNTs),  took  place  at  500-800  °C.  This  weight 
loss  can  be  attributed  to  the  fact  that  amorphous  carbon  (i.e.,  CP) 
has  evolved  and  has  a  maximal  gasification  rate  at  around  500  °C, 
whereas  the  maximum  gasification  rate  of  multilayered  CNT  occurs 
at  ca.  650  °C  [38,39].  It  is  worth  noting  that  all  the  samples  have  an 
identical  residual  weight  percentage  of  ca.  5.0-5.2  wt%,  which  can 
be  assigned  to  metallic  Pt-Co  catalysts.  This  finding  implies  that 
the  deposition  sequence  in  the  microwave  heating  process  does 
not  alter  the  catalyst  loading  on  CNT/CP  composites.  As  shown  in 
Fig.  4b,  all  bimetallic  catalysts  undergo  a  two-stage  combustion 
stages  but  different  temperature  shifts,  possibly  originated  from 
the  atomic  ratios  of  Pt  to  Co  elements. 


Basically,  XPS  is  a  powerful  technique  for  analyzing  surface  com¬ 
positions  with  detection  depth  of  several  nanometers.  The  survey 
scans  for  Pt-Co-m,  Pt-Co,  and  Co-Pt  samples  are  shown  in  Fig.  5. 
The  spectra  clearly  indicate  the  presence  of  platinum,  cobalt,  car¬ 
bon,  and  oxygen  in  the  catalyst  composites.  The  Pt  4f,  Co  2p,  Cl  s, 
and  01  s  peaks  of  the  scan  spectra  have  different  binding  energies 
of  ca.  71.5,  778.5,  284.6,  and  533.5  eV,  respectively  [40].  Quantita¬ 
tive  analysis  was  carried  out  to  estimate  the  surface  Pt/Co  atomic 
ratios,  which  showed  the  following  results:  Pt-Co-m  (90: 1 0),  Pt-Co 
(96:4),  and  Co-Pt  (83:17).  It  is  interesting  to  note  that  the  Pt/Co 
atomic  ratios  have  different  atomic  concentrations  in  the  prepared 
Pt-Co  alloys.  It  can  be  inferred  that  the  microwave-assisted  synthe¬ 
sis  tends  to  form  Pt-rich  catalysts,  such  as  partial  Pt-Co  pair.  This 
result  implies  that  the  Pt  content  contributes  to  a  major  proportion 
in  the  binary  catalysts,  leading  to  an  atomic  heterogeneity. 

The  Pt  4f  peak  consists  of  two  pairs  of  doublets  for  three  cat¬ 
alysts,  as  shown  in  Fig.  6a-c.  It  is  known  that  Pt  4f5/2  exhibits  a 
binding  energy  of  3.3  eV  higher  than  Pt  4f7/2,  that  is,  74.8  eV  (Pt 
4f5/2)  and  71.5 eV  (Pt  4f7/2).  Generally,  the  most  intense  doublet 
(i.e.,  74.8  eV  and  71.5  eV)  can  be  assigned  to  metallic  Pt  (0),  while 
the  second  set  of  doublets  (i.e.,  72.7  eV  and  74.8  eV)  corresponds  to 
Pt  (II)  chemical  state,  such  as  PtO  and  Pt(OFI)2  [4,29,41,42].  It  can 
be  seen  from  these  Pt  4f  spectra  that  metallic  Pt  (0)  plays  as  the 
major  contributor  over  all  Pt  element  contents  (Pt  [0]  and  Pt  [II]). 
Moreover,  the  authors  were  unable  to  find  any  peak  of  Pt  (IV),  indi¬ 
cating  the  strong  reduction  from  PtCl4  to  metallic  Pt.  This  finding 
reflects  that  the  microwave-assisted  polyol  method  is  capable  of 
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Fig.  7.  Cyclic  voltammograms  of  different  electrodes:  (a)  Pt-Co-m,  (b)  Pt-Co,  and  (c)  Co-Pt.  Measurements  were  performed  in  1  M  H2SO4  at  a  sweep  rate  of  50  mV  s-1  with 
potential  cycling. 


synthesizing  metallic  Pt  content  on  the  CNT  surface.  The  ratios  of 
Pt  (0)  to  Pt  (II)  are  found  to  have  a  slight  change.  This  oxidation  state 
of  Pt  can  be  presumably  owing  to  one  possible  reason  that  oxygen 
chemisorption  easily  occurs  and  kinks  at  the  surface  sites  of  the  Pt 
clusters. 


3.2.  Electrochemical  behavior  ofPt-Co-CNT/CP  electrodes 

The  as-synthesized  catalyst  electrodes  are  characterized  by 
CV  (-0.2  V  to  0.8  V  vs.  Ag/AgCl,  50mVs-1)  in  an  electrolyte  of 
1  M  H2SO4,  and  the  resulting  voltammograms  within  1000  cycles 
are  shown  in  Fig.  7.  Basically,  there  are  three  regions  exhibit¬ 
ing  the  CV  feature:  (i)  adsorption-desorption  of  hydrogen  (from 
-0.2  V  to  0.2  V);  (ii)  double-layer  formation  (0.2-0.4V);  and  (iii) 
oxide  growth  and  stripping  (0.4-0.8V).  This  typical  CV  behavior 
confirms  that  CNT-supported  Pt-Co  binary  catalysts,  exhibiting 
electrochemical  activity,  can  be  successfully  synthesized  using  the 
microwave  heating  with  simplicity  and  short  deposition  period. 
The  voltammetric  features  in  the  potential  region  from  -0.2  V  to 
0.2  V  represent  the  adsorption  and  desorption  of  a  monolayer  of 
hydrogen  atoms  on  top  of  the  Pt  surface  atoms  [6,42].  The  peaks  for 
hydrogen  and  oxygen  adsorption  and  desorption  with  the  potential 
region  from  -0.2  V  to  0.2  V  vs.  Ag/AgCl  on  the  binary  Pt-Co  cata¬ 
lysts  in  H2S04  are  evidently  shown.  The  presence  of  CNTs  offers  a 
catalyst  support  for  dispersing  bimetallic  Pt  catalysts  with  catalytic 
activity  in  the  potential  region  of  0.2-0.4  V. 


In  comparison,  there  still  remains  a  difference  among  the  CV 
features  owing  to  various  surface  atomic  Pt/Co  ratios,  as  shown 
in  Fig.  7.  The  similar  mean  size  of  the  as-grown  Pt-Co  catalysts 
reflects  the  fact  that  the  surface  atomic  concentration  plays  a  cru¬ 
cial  role  in  affecting  the  electrochemical  activity  of  the  bimetallic 
nanocatalysts.  It  is  worth  noting  that  the  oxide  growth  peak  is 
essentially  absent  from  the  Pt-Co-m  and  Co-Pt  catalysts,  whereas 
it  is  more  clearly  defined  for  the  Pt-Co  case.  The  introduction  of 
transition  metals  in  the  bimetallic  catalyst  reduces  the  required 
potential  for  water  electrolysis  and  thus  the  associated  carbon  oxi¬ 
dation  [43].  Similarly,  the  presence  of  Co-skin  layer  would  promote 
the  combined  effect  of  water  dissociation  and  Pt  oxide  growth  and 
stripping. 

Interestingly,  the  Pt-Co-CNT/CP  electrode  exhibits  two  evident 
peaks  with  good  stability  of  1000  cycles,  namely,  reversibility  of 
adsorption-desorption  of  hydrogen  and  oxidation-reduction  of  Pt. 
This  result  strongly  suggests  that  the  design  of  Pt-Co  catalyst  can  be 
applied  to  electrocatalysts  for  fuel-cell  applications.  To  inspect  this 
difference,  the  growth  mechanism  of  binary  Pt-Co  catalysts  should 
be  taken  into  account  as  follows.  In  Pt-Co-CNT/CP,  the  Pt  ions  are 
initially  adsorbed  onto  both  the  sidewalls  and  ends  of  the  CNTs  that 
possess  oxygen  functional  groups  (such  as  carboxyl,  hydroxyl,  and 
carbonyl  groups)  or  dangling  bonding.  These  oxygen  groups  and 
defects  serve  as  adsorptive  sites  for  adsorption  of  Pt  ions  in  liquid 
phase,  forming  Pt  intermediates.  Microwave  heating  in  ethylene 
glycol  solution  enables  the  reduction  of  Pt  intermediates  over  the 
surface  of  CNTs,  thus  generating  metallic  Pt.  The  second  step  of 
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microwave-assisted  synthesis  selectively  deposits  and  then  dopes 
the  Co  species  onto  the  Pt  surface,  inducing  Pt-Co  pair  with  high 
alloying.  On  the  basis  of  the  CV  result,  such  Pt-Co  crystallographic 
phases  are  found  to  be  more  corrosion-resistant  in  an  acidic  elec¬ 
trolyte  and  represent  the  preferred  phase  structure  with  regard  to 
activity  stability. 

As  shown  in  Fig.  7,  the  cathodic/anodic  peak  current  of  Co-Pt 
electrode  gradually  becomes  weaker  after  cycling,  reflecting  a  poor 
cycling  ability.  The  Co  species  have  first  been  deposited  onto  the 
CNT  surface  at  the  first-stage  reduction.  As  Pt  has  larger  molecular 
size  than  Co  atoms,  this  would  result  in  a  complexity  for  the  Pt 
insertion  into  the  Co-Co  pair.  This  can  presumably  be  due  to  the 
low  alloying  degree  or  incomplete  coverage  of  Pt  skin  on  Co  particle. 
It  is  well  known  that  the  dissolution  of  Co  metals  easily  occurs  in 
acid  electrolyte  [44].  Thus,  this  dissolution  would  result  in  a  poor 
durability  of  Co-rich  catalysts. 

3.3.  Durability  of  Pt-Co-CNT/CP  electrodes 


Cycle  number 


The  CV  features  are  used  to  estimate  the  electrochemical  Pt 
surface  areas  of  individual  catalysts.  The  specific  charge  transfer, 
contributed  from  Pt-Co  catalysts  (Qh),  can  be  obtained  from  [45]: 

Qh  =  Qt  -  Qcnt  0) 


where  QT  is  the  total  specific  charge  transfer  in  the  hydrogen 
adsorption/desorption  potential  region,  and  Qcnt  is  the  double¬ 
layer  capacitive  charge  transfer  from  the  pure  CNT  electrode.  The 
total  charge  transfer  (QT)  can  be  evaluated  by  integrating  the  CVs 
in  the  relevant  potential  region: 

1  f02 

Qt=^-/  to-WdE  (2) 

Zy  J- 0.2 


where  v  is  the  sweep  rate,  Jd  and  Ja  are  the  specific  current  of  des¬ 
orption  and  adsorption,  respectively,  and  E  is  the  potential.  The  SE sa 
value,  based  on  Qh,  can  be  determined  by  [43]: 


Sesa=21M 


(3) 


where  m  is  the  catalyst  loading  in  units  of  g  cm-2 ,  and  the  factor  210, 
in  units  of  f±C  cm-2,  is  determined  from  electrical  charge  associated 
with  monolayer  adsorption  of  hydrogen  on  Pt. 

Basically,  the  durability  of  Pt-Co  electrocatalysts  can  be  inves¬ 
tigated  by  using  the  variation  of  SE sa  values  with  potential  cycling. 
On  the  basis  of  the  results  shown  in  Fig.  7,  the  values  of  SESa  for  each 
cycle  were  evaluated,  and  the  results  are  presented  in  Fig.  8a.  At  the 
initial  stage  of  potential  cycling,  Co-Pt  exhibited  the  highest  activity 
among  these  catalysts.  Both  the  SESa  values  of  Pt-Co-m  and  Pt-Co 
were  found  to  have  a  stable  activity  within  1 000  cycles,  whereas  the 
SESa  value  of  Co-Pt  clearly  showed  a  sharp  decay  during  potential 
cycling.  Almost  40%  decay  clearly  revealed  the  deactivation  of  Co-Pt 
electrode,  that  is,  ca.  30.2  m2  g-1  Pt  at  1000th  cycle.  Again,  this  can 
be  attributed  to  one  possible  reason  of  the  dissolution  of  metallic 
cobalt  in  acidic  electrolyte,  forming  cationic  Co  species,  which  is 
likely  to  increase  the  separation  of  Pt  from  CNT  support.  Among 
these  catalysts,  Pt-Co  catalyst  exhibits  the  highest  SESa  value  of 
40.3  m2  g-1  after  potential  cycling.  This  SESa  value  shows  the  same 
order  of  magnitude  compared  with  Pt-Co  catalysts  by  other  fab¬ 
rication  routes,  such  as  electroless  deposition  (Pt-Co  catalysts  on 
carbon  black,  SESa-  32.0  m2g-1)  [46],  microemulsion  technique 
(Pt-Co  catalyst  on  carbon  black,  SESa^  33.9  m2  g-1 )  [47],  electrode¬ 
position  method  (PtiooooCo  on  Ti  foil  substrate,  SESa-  115m2 g-1) 
[48],  and  liquid  metal  precursor  impregnation  method  (Pt-Co3  on 
glassy  carbon,  SESa-  36-45  m2  g-1 )  [49]. 

To  clarify  the  durability,  the  other  version  of  normalized  SESa 
varied  with  CV  cycle  number,  as  shown  in  Fig.  8b.  The  variations 


Fig.  8.  (a)  The  SE sa  and  (b)  the  normalized  SEsa  value  as  a  function  of  cycle  number 
for  different  electrodes. 


clearly  show  that  both  Pt-Co  and  Pt-Co-m  catalysts  offer  higher 
electrochemical  stability,  compared  with  Co-Pt  catalyst.  It  is  gen¬ 
erally  recognized  that  the  degradation  of  SESa  originates  from  the 
dissolution  and  agglomeration  of  Pt  nanoparticles.  This  finding  was 
also  observed  elsewhere  [50].  Accordingly,  the  analysis  of  relative 
activity  demonstrates  that  the  deposition  sequence  of  microwave- 
assisted  synthesis  acts  a  key  role  in  affecting  not  only  catalytic 
activity  but  also  electrochemical  stability. 

Generally,  three  possible  mechanisms  affecting  the  loss  of 
SESa  are  proposed:  (i)  Pt  migration  on  carbon  support;  (ii)  Pt 
growth  through  Ostwarld  ripening;  and  (iii)  unsupported  Pt  par¬ 
ticle  owing  to  corrosion  of  carbon  support  [5].  After  1000  cycles, 
the  final  values  of  SESa  exhibited  the  following  order:  Pt-Co 
(43.5  m2g-1)>  Pt-Co-m  (33.4  m2  g_1)>  Co-Pt  (30.2  m2g-1).  The 
potential  cycling  test  confirmed  that  both  the  electrochemical 
activity  and  the  cycling  stability  of  Pt-Co  electrode  are  signifi¬ 
cantly  improved.  This  finding  revealed  one  vital  factor  in  promoting 
the  activity  and  durability  of  binary  Pt-Co  catalysts:  deposition 
sequence.  Incorporation  of  the  above-mentioned  key  factors  could 
result  in  well-mixed  binary  Pt-Co  alloys,  thus  demonstrating  long¬ 
term  durability  in  an  acidic  electrolyte.  Such  a  combination  of  Pt-Co 
cluster  could  serve  as  a  potential  candidate  to  replace  pure  Pt  cat¬ 
alyst  for  fuel-cell  applications. 
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Fig.  9.  (a)  Polarization  curves  of  single  cells,  fabricated  with  different  catalyst  elec¬ 
trodes,  under  H2/O2  flows  at  60  °C.  (b)  The  variation  of  maximal  power  density  of 
PEMFC  with  cycle  number  at  30  and  60  °C. 


To  approach  the  practical  application,  the  polarization  curves 
of  a  single  cell,  fabricated  with  different  Pt-Co  electrodes,  at 
60  °C  with  H2/02  are  shown  in  Fig.  9.  The  Pt-Co  loadings  on 
the  catalyst  electrodes  are  set  at  ~0.20mgcnrr2.  The  cell  perfor¬ 
mance  for  each  catalyst  is  quite  similar  up  to  0.6  V,  after  which 
there  is  some  separation  of  performance.  This  difference  can  be 
attributed  to  the  fact  that  these  MEAs  equipped  with  Pt-Co  elec¬ 
trodes  exhibit  different  catalytic  activity  in  hydrogen  oxidation  and 
oxygen  reduction  reactions.  The  curves  also  confirm  that  the  Pt-Co 
cell  displays  a  maximal  power  density  of  442mWcm-2,  higher 
than  Pt-Co-m  (407  mW  cm-2 )  and  Co-Pt  (357  mW  cm-2 )  cells.  The 
maximal  power  density  based  on  the  Pt-Co  loading  has  an  order 
as  follows:  Pt-Co  (2.21  kWg“1)> Pt-Co-m  (2.04 kWg“1)> Co-Pt 
(1.79  kW  g-1 ).  The  maximal  power  density  for  MEA  fabricated  with 
Pt-deposited  CNT  electrodes  has  been  reported  [27].  For  compari¬ 
son,  the  power  density  of  Pt-Co  catalyst  is  higher  than  that  of  the 
Pt  catalyst  electrode,  i.e.,  2.21  kW  g-1  >  2.06  kW g-1 .  The  enhanced 
power  density  reflects  that  the  design  of  binary  Pt-Co  catalyst 
prepared  by  rapid  microwave  heating  is  effective  in  fuel-cell  appli¬ 
cations,  showing  the  feasibility  for  the  replacement  of  pure  Pt 
catalyst  electrodes. 


To  examine  the  stability  of  Pt-Co  catalyst  electrodes,  the  cycling 
performance  of  MEAs  in  the  PEMFC  at  different  temperatures  was 
investigated.  The  plot  of  maximal  power  density  of  PEMFC  versus 
cycle  number  is  illustrated  in  Fig.  9b.  This  correlation  clearly  evi¬ 
dences  that  both  Pt-Co  and  Pt-Co-m  catalyst  electrodes  keep  the 
power  efficiency  within  the  temperature  window  after  cycling, 
while  Co-Pt  catalyst  shows  a  significant  decay  of  power  efficiency. 
It  should  be  noted  that  the  Co-Pt  catalyst  electrode  operated  at 
60  °C  significantly  reduce  the  cell  performance,  resulting  in  a  poor 
durability.  This  can  be  ascribed  to  the  fact  that  the  higher  operating 
temperature  dramatically  speeds  up  the  dissolution  and  separa¬ 
tion  of  Co-Pt  nanoparticles  from  the  surface  of  CNTs.  Among  these 
electrodes,  the  Pt-Co  catalyst  exhibits  the  best  durability,  result¬ 
ing  from  a  strong  adhesion  between  CNTs  and  bimetallic  Pt-based 
catalysts  and  an  excellent  catalytic  activity  in  MEA  after  cycling  at 
30  and  60  °C.  On  the  basis  of  the  results,  this  confirms  the  Pt-Co 
catalyst,  prepared  by  the  efficient  microwave  heating,  can  serve  as 
the  potential  candidate  for  replacing  pure  Pt  catalyst. 

4.  Conclusions 

In  this  study,  the  use  of  microwave-assisted  polyol  reduc¬ 
tion  as  the  deposition  technique  for  preparing  binary  Pt-Co 
alloys  was  investigated  as  a  way  to  reduce  the  cost  through  an 
enhanced  activity  with  excellent  durability.  A  large  amount  of 
CNTs  were  selectively  grown  on  the  CP  substrate  by  CCVD  with 
wet-impregnated  Ni  catalyzing  the  growth  of  CNTs.  The  as-grown 
CNTs  were  employed  as  the  support  for  the  subsequent  Pt-Co  cat¬ 
alysts,  which  were  deposited  onto  the  CNTs  by  one-  and  two-step 
microwave  heating.  Furthermore,  FIR-TEM  characterization  was 
conducted  to  identify  the  little  influence  of  deposition  cycling  on 
the  alloy  size,  but  well  dispersion  of  Pt-Co  catalysts  onto  the  oxi¬ 
dized  CNTs.  XPS  analysis  confirmed  that  the  microwave  heating 
enabled  the  formation  of  metallic  Pt  and  different  Pt/Co  atomic 
ratios  in  the  binary  catalysts.  The  analysis  further  revealed  that 
Pt-Co  electrocatalyst,  prepared  by  two-step  microwave  heating, 
could  exhibit  higher  SES a  value  and  excellent  durability  during  the 
potential  cycling  ( 1 000  cycles),  when  compared  with  the  other  two 
catalysts.  Such  Pt-Co  crystallographic  phases  on  CNT-based  sup¬ 
port  are  found  to  be  more  corrosion-resistant  in  acidic  electrolyte 
and  represent  the  preferred  phase  structure  with  regard  to  activity 
stability. 
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